Objective: Bilateral adrenalectomy (BADX) is an important treatment option for patients with Cushing's syndrome (CS). Our aim is to analyze the long-term outcomes, surgical, biochemical, and clinical as well as morbidity and mortality, of patients who underwent BADX. Design: A total of 50 patients who underwent BADX since 1990 in two German centers were identified. Of them, 34 patients had Cushing's disease (CD), nine ectopic CS (ECS), and seven ACTH-independent bilateral adrenal hyperplasia (BAH). Methods: Standardized follow-up examination was performed in 36 patients with a minimum follow-up time of 6 months after BADX and a median follow-up time of 11 years. Results: Surgical morbidity and mortality were 6 and 4% respectively. All patients were found to be in remission after BADX. Almost all Cushing's-specific comorbidities except for psychiatric diseases improved significantly. Health-related quality of life remained impaired in 45.0% of female and 16.7% of male patients compared with a healthy population. The median number of adrenal crises per 100 patient-years was four. Nelson tumor occurred in 24% of CD patients after a median time span of 51 months. Long-term mortality after 10 years was high in ECS (44%) compared with CD (3%) and BAH (14%). Conclusions: BADX is an effective and relatively safe treatment option especially in patients with CD. The majority of patients experience considerable improvement of Cushing's symptoms.
Introduction
Endogenous Cushing's syndrome (CS) is a severe disease induced by excess glucocorticoid production. CS is associated with an increased cardiovascular risk, psychological side effects, musculoskeletal impairment, and decreased quality of life (1) . In more than 80% of the cases, hypercortisolism is adrenocorticotropin (ACTH) dependent. The sources of ACTH production are predominantly ACTH-secreting pituitary adenomas (Cushing's disease, CD) and less frequently ectopic, non-pituitary neuroendocrine tumors (ectopic CS, ECS). recurrence include repeated TSSs (5), radiotherapy (6, 7) , medical treatment (8) , and bilateral adrenalectomy (BADX). As reflected in an Italian multicenter study with almost 10% of CD patients who underwent BADX (4) , this procedure is necessary in a relevant subgroup of patients. In case of ECS, first-line treatment is the removal of ACTHproducing tumor. BADX is the preferred option when the source of ectopic ACTH production is undetectable or cannot be removed. Another indication for BADX is bilateral ACTH-independent adrenal hyperplasia (BAH).
Although BADX has been implemented in clinical praxis over a long period of time, the outcome of patients has mostly been studied retrospectively in case reports or small series. Therefore, our goal is to analyze the long-term outcomes, surgical, biochemical, and clinical as well as morbidity and mortality of all BADX patients treated in two institutions since 1990 in a standardized way.
Patients and methods

Patient cohort
Patients with CS treated in two Munich centers of the German Cushing's Registry CUSTODES (Cushing's Syndrome -Therapie und Outcome in Deutschland) from 1990 to 2013 were identified. Out of 254 patients of the Medizinische Klinik und Poliklinik IV, 45 underwent BADX and out of 58 patients of the MaxPlanck-Institut für Psychiatrie, five underwent BADX.
Epidemiological, clinical, and biochemical data were extracted retrospectively from patient's files and entered into an electronic database. All surviving patients with minimum follow-up time of 6 months after BADX (nZ40) were contacted by mail and asked to participate in a prospective long-term evaluation of CS within the frame of the German Cushing's Registry CUSTODES. Of them, 36 patients agreed to participate and four patients were lost to follow-up. Eight patients did not present in person, but were interviewed by telephone and medical records were obtained. Herein, we report on the data of the first annual survey conducted in 2013 in a cross-sectional manner. The ethics committee of the participating centers approved the protocol of the German Cushing's Registry and all patients provided written informed consent.
Information on medical history and sociodemographic characteristics was obtained by trained and certified staff members during a personal interview. Moreover, the participants underwent an extensive standardized medical examination, including blood sampling, evaluation of waist-to-hip ratio, grip strength, body composition, and measurement of systolic and diastolic blood pressure. Body composition was determined by a body impedance analyzer BIA 2000-S (Data Input). Systolic and diastolic blood pressures were measured three times on both arms in seated position. The mean of the three measurements was used. Grip strength was assessed using the Jamar hydraulic hand dynamometer (Sammons Preston Rolyan, Bolingbrook, IL, USA). The mean values of three trials of the leading hand were calculated and compared with the median values of an age-and gender-matched normative population (9) . Evaluation of the past medical history included past and current signs and symptoms of CS, intermittent remission and recurrences of CS, therapy, cardiovascular events, psychiatric comorbidities, metabolic comorbidities, and musculoskeletal comorbidities. For the comparison of values and comorbidities before and after BADX, parameters before BADX were assessed at the visit immediately before the first treatment. Then, BADX parameters were assessed by the standardized follow-up cross-sectional study.
Postoperatively, glucocorticoids were substituted mostly with hydrocortisone (median dose, 25 mg; range, 15-45 mg). In four patients, glucocorticoids were substituted with modified-release hydrocortisone (median dose, 20 mg; range, 20-40 mg). Mineralocorticoid substitution was performed with fludrocortisone (median dose, 0.05 mg; range, 0.025-0.20 mg). In five women, DHEA was used for substitution.
Biochemical measurements
Blood samples were taken in the morning from fasting, seated subjects without hydrocortisone whenever possible. Free urine cortisol was assayed by the Centaur Immunoassay, Siemens (Erlangen, Germany). ACTH and serum cortisol were measured by the Liaison Assay, DiaSorin (Saluggia, Italy). Conversion from ACTH in pg/ml to SI unit pmol/l is performed by multiplying by 0.22. All other biochemical variables were assayed in our central laboratory using standard methods.
Endocrine assessment of remission of CS
Remission from CS was defined by dependence on hydrocortisone substitution.
Definitions
Subjects with blood pressures R140/90 mmHg or a selfreported history of hypertension and intake of antihypertensive medication were considered hypertensive. Diabetes was defined by HbA1c R6.5% or intake of antidiabetic drugs. Osteopenia was defined by T-values %K1.0 S.D. and osteoporosis by T-values %K2.5 S.D., using dual energy X-ray absorptiometry (DEX). Cushing's stigmata included moon face, buffalo hump, hirsutism, or skin alterations. Muscle weakness was defined by the disability to rise from knee bending without the aid of arms. Psychiatric morbidities included self-reported anxiety, depression, panic attacks, or psychosis. The presence of adrenal remnants was defined on the basis of radiological or biochemical evidence. Adrenal crisis was defined as an acute impairment of general health that necessitated i.v. glucocorticoid administration and hospital admission. The presence of Nelson tumor was defined by the growth of an adenoma that had led to additional treatments (TSS and radiotherapy) in patients with CD following BADX. Surgical mortality and morbidity were defined as any death or surgery-related morbidity occurring in between 30 days after surgery.
Health-related quality of life questionnaires
A generic health-related quality of life (HRQoL) questionnaire (SF-36 Health Survey) (10) and a disease-specific instrument (Tuebingen CD-25) (11) were used for the assessment of HRQoL. Age-and gender-specific normative data were available for both instruments.
Statistical analysis
The data were extracted from the German Cushing's Registry CUSTODES. Results are expressed as median and interquartile range (IQR) or mean and S.D. Data before and after BADX were compared using the c 2 -test (two-sided) or the two-sided Wilcoxon signed-rank test. Concerning HRQoL, patients were allocated to the categories impaired vs not impaired according to the age-and gender-specific normative data of both instruments, and thus, the percentage of impaired patients is shown. Additionally, independent samples t-tests were used for the comparison of the Tuebingen CD-25 Total Score between BADX patients and a group of patients with florid CD. P!0.05 was considered statistically significant. Statistical analysis was performed using the standard statistical software (SPSS 21).
Results
A total of 50 patients with CS who underwent BADX since 1990 were identified. Figure 1 summarizes the etiology of CS of this patient cohort.
The median duration of CS from diagnosis to BADX was 44 months for CD (IQR 75), 4 months for ECS (IQR 31), and 1 month for BAH (IQR 1). In all BAH and two occult ectopic cases, BADX was performed as first-line treatment. Five patients with CD underwent BADX as first-line treatment in the 1960s-1970s when this was the only therapeutic approach. The remaining CD patients underwent BADX after one (62%) or more (38%) TSSs. Of the total number of CD patients, 21 and 45% received at least one radiation or medical therapy respectively. Of the remaining ECS patients, 29% received medical treatments, 29% underwent an operation of the ectopic source of ACTH production, and 43% received both treatment options before BADX.
Surgical outcome
BADX was performed laparoscopically in 34 cases (68%) and by an open approach in 15 cases (30%). The cases with open approach were all performed before laparoscopic techniques were available. In one case, conversion to open BADX was necessary. Two patients (4%) died within the first 30 days after BADX ( Table 1) . As surgical morbidity, infections (nZ2) and thromboembolism (nZ1) were reported.
Long-term morbidity
Out of 35 patients, 22 (63%) experienced at least one adrenal crisis, defined by the need for i.v. glucocorticoid administration. The median number of adrenal crises (one or more) per 100 patient-years was 4.1 (IQR 31). Nelson tumor occurred in 24% (7/29) of the patients with CD and BADX as second-line treatment. All of these patients required radiation and three needed TSS too. Two patients developed Nelson tumors after gamma knife resection. The median ACTH levels in patients with Nelson tumors were 350 pg/ml. 
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Mortality
Total mortality was 14%. The Kaplan-Meier curve (Fig. 2) shows subtype-specific survival that was excellent in CD (mortality at 1, 2, 5, and 10 years was 2.9%). In BAH, mortality was 14% at 1, 2, 5, and 10 years. Mortality was highest in ECS (22% at 1 year and 44% at 2, 5, and 10 years). In addition to the two BADX-related cases of death, mortality was due to a cardiogenic shock (nZ1), a shock of unknown origin (nZ1), tumor-related death in ECS cases (nZ2; hepatorenal failure through metastasis and stomach perforation by tumor), and sepsis with adrenal crisis (nZ1). The mean time between BADX and death were 2.6 years. The mean age at death was 60 years.
Biochemical outcome
All 36 patients evaluated were in remission from CS and none showed a relapse. Adrenal remnants remained in three patients necessitating adrenal revision in one case. ACTH values increased from a median of 54 pg/ml (IQR 63 pg/ml) to 203 pg/ml (IQR 313 pg/ml) after BADX in CD patients without Nelson tumors (nZ6, PZ0.046).
Clinical outcome
Standardized follow-up examination was performed in 36 patients with a median follow-up time of 11 years since BADX (range 0.8-51 years). Table 2 shows the improvement of Cushing's-specific comorbidities and cardiovascular risk factors after BADX. Table 3 shows clinical and biochemical outcomes at follow-up examination according to the length of follow-up since BADX divided into tertiles with median follow-up times of 3, 10, and 36 years. The rate of impairment in HRQoL in patients with CS after BADX and patients with florid CD compared with a healthy population is shown in Table 4 . A lower rate of impaired patients refers to a better quality of life. Quality of life remained impaired in 45.0% of female patients and 16.7% of the male patients with CS after BADX compared with a healthy population. However, compared with a cohort of patients with untreated florid CD, patients who underwent BADX showed better disease-specific HRQoL (12). In Table 5 , the hydrocortisone maintenance dose is correlated with the persistence of morbidities after BADX.
Discussion
While BADX remains an important treatment option in patients with CS, only a few studies have analyzed the long-term outcomes after BADX systematically. Most of the studies were retrospective cohort studies with small numbers of patients and relatively short length of followup. To our knowledge this is one of the biggest studies combined with one of the longest follow-up periods in the literature. The data demonstrate that BADX is an excellent treatment option for all patients with CS regardless of the underlying etiology, but that long-term outcomes are especially favorable in CD. Surgical mortality and morbidity with 4 and 6% were comparable to published data showing a median of 3 and 
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Clinical Study A Oßwald and others Bilateral adrenalectomy in Cushing's disease 171:218% respectively (13) . As demonstrated earlier, the laparoscopic approach was not superior to open BADX regarding mortality and morbidity (14) . With no surgery-related death in patients with ECS, we could not confirm an enhanced surgical mortality in this subgroup (13) . Long-term mortality was favorably low in CD and significantly higher in ECS compared with the other subtypes in accordance with published data (13) . Remarkably, after 25 years, 94% of patients with CD were still alive. In accordance with the observation that death in the first 12 months is particularly high, 40% of the non-surgical-related deaths occurred within the first 12 months after BADX (15) . BADX was an effective method resulting in remission of hypercortisolism in all patients. Revision due to adrenal remnants was necessary in one patient (2%). ACTH levels increased after BADX in patients having CD without Nelson tumors as reported previously (16) .
According to our standardized examination, improvement of nearly all Cushing's-related comorbidities such as hypertension, diabetes, osteoporosis, and muscle weakness was evident after a median follow-up time of 11 years. Notably, menstrual irregularity and psychiatric morbidity did not change distinctively which is in accordance with earlier studies (17) . Similarly, and as shown before, some Cushing's stigmata such as full moon face, hirsutism, and parchment skin also remain even after a long follow-up period (18) . It has also been demonstrated that elevated cardiovascular risk factors persist after a successful TSS in CD patients (19) . Therefore, these comorbidities might rather depend on the impact of former hypercortisolism than on the treatment option.
Interestingly, improvement of comorbidities was partly depending on the length of follow-up since BADX: blood pressure, HbA1c, and T-value in DEX were normalized within the first 5 years after BADX. However, during long-term follow-up, high blood pressure and lower bone density re-appeared, most probably in an age-dependent manner. Notably, the incidence of diabetes mellitus appears to be stable during long-term follow-up. The BMI and waist-to-hip ratio were comparable to German cohorts during all follow-up times (20) . The median grip strength reached 83-90% of the median of an age-and gender-matched cohort.
General health-related and Cushing's-specific quality of life remained more frequently impaired in female BADX patients than in males when compared with an age-and sex-matched healthy population. This can be the longterm consequence of pre-existing CS, or a result of the adrenalectomy status in the context of adrenal insufficiency. While only about 17% of male BADX patients experienced an impaired quality of life compared with the general population, about half of the female BADX patients still suffered from an impaired quality of life. However, HRQoL impairments in BADX patients of both genders were less pronounced in comparison with patients with overt CD. The persistence of Cushing's morbidities after BADX seems to be associated with slightly higher doses of hydrocortisone used for substitution. Oversubstitution with hydrocortisone might be involved in the reappearance of hypertension. No association between mineralocorticoid substitution and blood pressure or DHEA substitution in female patients and HRQoL was found.
The incidence of 4.1 adrenal crises per 100 patientyears was relatively low compared with a median of 9.1 crises in published BADX studies (13) and with 6.3 crises in patients with Addison's disease (21) . Adrenal crisis was responsible for death in only one case. By contrast, Nelson tumor occurred relatively often (24%) compared with published data ranging from 9 to 47% (16, 22) . This might be due to the long follow-up period, as the median time until Nelson tumor occurrence after BADX was 51 months.
In conclusion, BADX is an effective treatment option in patients with CS. While the overall surgical procedure can be considered as relatively safe, patients who were selected for BADX suffer from clinically relevant hypercortisolism at the time of surgery, which increases the likelihood of peri-surgical complications. This has to be weighed against the considerable improvement of Cushing's symptoms, which is experienced by the majority of patients comparable to that of patients initially cured by the TSS. Long-term follow-up in specialized centers is important as some comorbidities persist and complications such as Nelson tumors can occur later after BADX.
An important limitation of the study is the retrospective data collection. However, the analysis of metabolic, cardiovascular, and psychiatric outcome parameters was performed as a standardized cross-sectional study. The ideal study to analyze the long-term follow-up of patients with CS who underwent BADX would be a multicenter registry-based study with prospective data collection. 
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